Since the discovery that proteins mutated in different forms of polycystic kidney disease (PKD) are tightly associated with primary cilia, strong efforts have been made to define the role of this organelle in the pathogenesis of cyst formation. Cilia are filiform microtubular structures, anchored in the basal body and extending from the apical membrane into the tubular lumen. Early work established that cilia act as flow sensors, eliciting calcium transients in response to bending, which involve the two proteins mutated in autosomal dominant PKD (ADPKD), polycystin-1 and -2. Loss of cilia alone is insufficient to cause cyst formation. Nevertheless, a large body of evidence links flow sensing by cilia to aspects relevant for cyst formation such as cell polarity, Stat6-and mammalian target of rapamycin signalling. This review summarizes the current literature on cilia and flow sensing with respect to PKD and discusses how these findings intercalate with different aspects of cyst formation.
I N T R O D U C T I O N
A century passed by from the first description of primary cilia in mammalian tubular cells to the recognition that these microtubule-containing organelles protruding from the apical membrane of epithelial cells perform important functions [1] . For a long time, attention had focussed on motile cilia that occur in bundles, for instance in respiratory epithelia where they mediate airway clearance [2] . Motile cilia have been studied for several decades in unicellular organisms, particularly Chlamydomonas reinhardtii, which yielded important insights into the physiology and biochemistry of this organelle, which are for the most part applicable also to primary, non-motile, cilia [3] . The reader is referred to a number of excellent reviews on the structure and function of cilia and its relevance with disease [4] [5] [6] . The link between polycystic kidneys and cilia became apparent when the mutated gene in the oakridge polycystic kidney (orpk) mouse was found to encode a family member of the intraflagellar transport (IFT) proteins. IFT proteins are transported along microtubular rods within the cilium and are required for cilia formation and maintenance [7, 8] . Subsequently, several proteins mutated in human or murine PKD have been found to localize to cilia. They include cystin (cpk mouse), polycystin 1 and 2 (PC-1 and 2), encoded by Pkd1 and 2 and mutated in ADPKD (autosomal dominant PKD), fibrocystin mutated in ARPKD (autosomal recessive PKD) and nephrocystin and inversin mutated in nephronophthisis [9] [10] [11] [12] . This makes a compelling argument that this organelle is at the centre of a unifying concept of cyst formation. The central role of cilia was supported further when it was demonstrated that abolishing cilia through inactivation of a ciliary motor protein selectively in the kidney resulted in cyst formation [13] .
Different forms of cystic kidneys vary by age of presentation [14] . ADPKD, the most common form with an incidence of 1:1000, is a disease of adulthood. Over half of the affected patients require renal replacement therapy by the age of 60. On the other hand, a large spectrum of mostly autosomal recessive diseases occur in childhood and are frequently associated with pathologies in other organ systems such as situs inversus in nephronophthisis, retinitis pigmentosa in Joubert's disease, central nervous system malformations in Meckel syndrome, polydactyly in Bardet-Biedl syndrome (BBS) or obesity in BBS and Almström syndrome [15] . For the majority of associated pathologies, a role for cilia in their aetiology has been characterized resulting in the term ciliopathies. In the kidney, cilia extend into the tubule lumen where they are bent by flow. Indeed, groundbreaking work by Praetorius and Spring revealed that the cilium translates fluid flow into calcium signals and thus, could serve as a signal transduction platform that orchestrates tubular development, epithelial cell homeostasis and the diameter of tubules [16, 17] .
Cyst formation is characterized by multiple pathogenic events including disordered cell polarity, dysregulation of various signal transduction pathways and increased proliferation [18] [19] [20] . Given the marked variation in the morphology of different cystic diseases, the genetic aspects and the varying age of presentation, it is quite likely that certain features of the pathophysiology of cyst formation diverge between the individual entities. Therefore, insights into the function of the cilium will only explain common aspects in the pathogenesis of cyst formation and have to be interpreted in the context of the pathophysiology of a specific disease or syndrome. The purpose of this review is to summarize the evidence linking the ciliary flow sensor to cyst formation, to discuss ciliary downstream signalling in response to flow and to hypothesize about the physiological functions of the ciliary flow sensor in the kidney and how its disruption may promote cystogenesis. Since vascular phenotypes are not a universal feature of PKD and shear stress in arteries is one order of magnitude higher compared with renal tubules, we will not address the role of cilia in the vasculature.
The cilium as a mechanosensor Cilia exist on most cells in mammalian organisms [4] . In tubules, cilia are constantly exposed to urine flow, so it is intuitive that they act as flow sensors. Flow sensing is difficult to study in vivo. Alternative approaches have involved cell culture experiments in flow chambers with Madin-Darby canine kidney (MDCK) cells, immortalized cells from transgenic animals, human cyst-derived cells and ex vivo studies with explanted tubules from rodents [17, [21] [22] [23] [24] . MDCK cells respond to bending of the cilium by a micropipette or fluid flow with influx of calcium [17, 25] . The initial signal is amplified through nucleotide release and occurs through influx of extracellular calcium via the apical surface which is followed by calcium-induced calcium release from IP 3 -dependent stores which is transmitted to other cells through gap junctions [26] [27] [28] . The cilium is required for calcium transients under flow because ablation of the cilium in MDCK cells by chemical means abolishes the flow response [21, 25] . This view is supported by the finding of blunted flow sensing in isolated renal collecting ducts from cilia-deficient orpk mice [29] .
Direct and indirect loss of function experiments link polycystins to cilia by demonstrating a lack of or altered calcium signals in response to fluid flow. Experiments in flow chambers with isolated cells from transgenic mice that lack functional PC-1, as well as in MDCK cells inducibly depleted of PC-2, a cation channel of the TRP family (TRPP2), by small hairpin RNA, showed that Pkd1 and Pkd2 are needed for flow-induced calcium signalling [23, 30] . In a different approach, immortalized cyst lining cells from patients with a mutation in Pkd1 were compared with immortalized normal kidney cells and showed no flow-induced calcium signals [24] . PC-2 was absent in the cilia of the Pkd1-mutant cells which would explain the loss of flow-induced calcium transients. Similarly, mislocalization of PC-2 at the apical membrane was described in unciliated orpk cells [31] and expression of an N-terminal mutant of PC-2 in MDCK cells that is deficient in ciliary trafficking had a dominant-negative effect on calcium signalling under flow [32, 33] . Bearing in mind the significant heterogeneity in flow chamber set-ups, cell types, amount of shear stress and timing of calcium response in the studies described, these data suggest that PC-1 and -2 are intimately involved in flow-and cilia-dependent intracellular calcium increase.
Is the loss of the ciliary flow sensor sufficient to cause cyst formation? Several important studies suggest that this is not the case [34] [35] [36] . The genetic model of cyst formation in ADPKD is believed to lie in the loss of heterozygosity for a PKD gene in individual cells that then begin to lose polarity, proliferate and form cysts [37] . However, the inactivation of Pkd1 after completion of the postnatal stage of kidney development in mice ( postnatal day 14) does not lead to accelerated cyst formation [38] . Analogous results were found after late inactivation of the ciliary motor protein Kif3a or IFT88 [35, 36] , suggesting that quiescent cells in the adult kidney do not require cilia or PC-1 for maintaining tubular morphology in the intermediate term (the kidneys do form cysts in the long term). The second piece of evidence involves the osmosensor TRPV4, a transient receptor potential cation channel that forms a polymodal channel complex with PC-2 [34] . MDCK cells depleted of TRPV4 by inducible shRNA failed to display calcium transients in response to flow. Yet, TRPV4 morphant zebrafish did not replicate the Pkd2 phenotype of pronephric cysts [34] . Furthermore, mice lacking TRPV4 do not develop cystic kidneys [39] . Apart from the possibility of redundancy, these data argue that disruption of ciliary flow sensing alone does not suffice to transform renal epithelial cells into cyst-forming cells, and that additional factors are required. This concept is supported by the fact that the induction of ischaemia-reperfusion injury in Pkd1 or ciliadeficient mice induces rapid cyst formation [35, 40] .
Polarity
A large body of evidence shows that cyst formation involves dysregulation of multiple signal transduction pathways and the disruption of cell polarity [18] [19] [20] . The Wnt pathway is a versatile signalling system regulating fate determination, proliferation and planar cell polarity that is strongly intertwined with renal development and the maintenance of kidney morphology [41] . Canonical Wnt signalling is initiated upon binding of a Wnt ligand to a Frizzled receptor causing stabilization and nuclear translocation of β-catenin as
F U L L R E V I E W
N e p h r o l D i a l T r a n s p l a n t ( 2 0 1 3 ) : E d i t o r i a l R e v i e w 519 well as target gene expression [42] . A number of findings link the canonical Wnt pathway to PKD. The intracellular tail of PC-1 interacts with β-catenin involving cleavage of a C-terminal fragment and translocation to the nucleus [43, 44] . The activation as well as the inhibition of canonical Wnt signalling results in cyst formation, and increased Wnt activity has been found in gene profiling studies on cysts from patients with ADPKD [41, 45] . Secreted Frizzled-related protein 4, which specifically inhibits canonical Wnt signalling, is upregulated in human ADPKD yet recapitulates a ciliary phenotype when overexpressed in zebrafish [46] , thus suggesting a finely tuned balance of canonical Wnt activity in the nephron. Several lines of evidence link cilia to canonical Wnt signalling [47] : tissue-specific inactivation of Kif3a in renal tubular cells in vivo resulted in increased nuclear β-catenin levels [13] . Work in cultured cells demonstrated that ablation of cilia by targeting Kif3a or Ift88 in mouse embryonic fibroblasts (MEFs) resulted in upregulated sensitivity to Wnt3 and increased levels of β-catenin [48] . Similarly, downregulation of genes involved in Bardet-Biedl syndrome (BBS1, BBS2 and MKKS) resulted in a hyperactive Wnt response in cultured cells [49] . Unpublished data from our group show that β-catenin-dependent reporter activity is downregulated in MDCK cells under flow. Taken together, these results imply that cilia inhibit canonical Wnt signalling. It must be noted, however, that cilia-deficient mouse embryos failed to show evidence of altered canonical Wnt signalling [50] , which suggests that the regulation of β-catenin-dependent signalling by cilia involves a level of complexity that is currently not understood.
The data on how cilia affect the non-canonical, or PCP ( planar cell polarity), pathway are clearer. PCP describes the ability of cells to orient along the plane relative to an axis [51] . Distinct readouts of PCP have been described including wing and eye development in Drosophila melanogaster, and in vertebrates inner ear development and convergent extension, a process describing elongation of the embryo through cell intercalation. Strong evidence implicating cilia in PCP comes from mice with missing cilia through tissue specific targeting of Ift88 and Kif3a: these animals displayed a highly disordered tissue architecture in the inner ear [52] . During normal kidney development tubular cells intercalate perpendicular to the tubular axis resulting in narrowing of tubules [53] . This process requires Wnt9b, an activator of non-canonical Wnt signals, and if disrupted leads to cyst formation. PCP is controlled by the non-canonical pathway through the activity of Disheveled (Dvl), a protein that targets the canonical regulator β-catenin for degradation and regulates the activity of Frizzled to orchestrate the polarized distribution of different sets of PCP core proteins [51] . Dvl interacts with Inversin (Inv), a ciliary protein and NPHP2 gene product mutated in nephronophthisis Type 2 [9, 54, 55] . Inv binding to Dvl promotes the degradation of β-catenin implying a role as a molecular switch between canonical and non-canonical Wnt signalling [54] . Similar functions have been attributed to BBS proteins, NPHP3, and Kif3a [48, 49, 56] . In addition, several BBS proteins (BBS1, BBS4 and BBS6) interact with the PCP pathway in mice [52, 57] .
Another polarized event apart from the convergence of tubular cells during embryonic tubule elongation is oriented cell division (OCD) [58] . Studies in Drosophila and zebrafish have shown that OCD is required for PCP. Misoriented cell division results in disrupted wing shape [59] or disturbed convergent extension [60] . While tubular elongation through epithelial intercalation occurs during embryonic development [53] , OCD along the axis of growing tubules is seen in postnatal kidneys [58] . OCD is disrupted in mice mutated in Pkd1, Tsc1/2 and Hnf1β and therefore, associated with cystic kidney disease [61, 62] . Cilia seem to play a role in OCD: in Kif3a-mutant mice, 46% of the mitotic angles were oriented within 20°of the collecting duct axis, in contrast to 91% in normal kidneys [35] . Furthermore, Ift20-mutant mice almost completely lacked cilia and developed renal cysts associated with a misoriented cell division axis [63] . However, loss of OCD does not suffice to trigger cyst formation. A careful study with Pkd1 and Pkd2-mutant mice did not show OCD before cystic dilatation and, conversely, in Pkhd1-mutant mice OCD was lost, but no kidney cysts developed [64] . Similarly, in Pkd1 heterozygous mice, abnormal mitotic spindle orientation has been observed at postnatal Day 2, while only occasional microscopic cysts develop [61] . A further study in Ift140-mutant mice showed disordered cilia assembly, resulting in cystic kidneys but no disoriented mitotic spindle axis was observed [65] . A possible explanation for these findings is that the axis of cell division is not the driving force in cystogenesis, but more likely an indicator of dysregulated cellular orientation and polarity.
It is evident that essential cilia proteins as well as ciliaassociated PKD genes are linked to OCD and convergent extension, but is there any evidence that flow sensing by cilia affects polarity? The best argument for this notion does not come from the kidney, but from the embryonic node and from Xenopus epidermis. The node (embryonic notocord, Kupffer's vesicle in zebrafish) is a ciliated structure in the early embryo that determines left-right body asymmetry in a process where rotating 9+0 cilia create a leftward flow [66] . Disruption of this flow through interference with cilia structure or inactivation of Pkd2 leads to randomization of leftright asymmetry, in the latter case through a lack of flowinduced calcium signals in the periphery of the node [67] . Indeed, situs inversus has been described in rare patients with heterozygote PKD2 mutations [68] . Polarization of 9+2 cilia and basal body structures through flow has been observed in Xenopus skin (Figure 1) [69, 70] . The basal body is one of the two microtubule-based cylinders called centrioles with highly conserved 9-fold radial symmetry. The centriole pair displays structural and functional asymmetry [71] . In multi-ciliated cells of Xenopus larva skin and cilia lining the brain ventricles, the sensing of self-generated flow has been shown to adjust the orientation of the basal body and the direction of ciliary beating in a positive feedback manner involving PCP proteins [69, 70, 72] As yet, the regulation of PCP in renal epithelial cells by cilia and flow has not been demonstrated in vitro. When MDCK cells were analysed under continuous flow for up to a week, the orientation of mitotic spindles was randomized, albeit the cells were completely unciliated for the first 4 days and the number of cell divisions decreased towards zero after the majority of cell reached cilia stage [33] . In a second approach, a wound was induced in a confluent monolayer of ciliated cells under flow, but during the repair phase the mitotic spindles of the migrating cells again showed no orientation in the direction of flow, suggesting that OCD in renal epithelial cells cannot be modelled in vitro (OCD has been described in endothelial cells in the absence of cilia [73, 74] ). However, polarization did occur at the centrioles [33] . The mother centriole, also called the basal body, where the primary cilium originates, anchors cytoplasmic microtubules at the sub-distal appendages to attach to the plasma membrane and is mainly stationary. In contrast, the daughter centriole, connected through fibres with the mother centriole, moves extensively during G0 and G1 [75] . Centriole movements in ciliated cells under flow increased compared with the absence of flow and showed a strong motility bias along the axis of flow (the sum of all movements was zero indicating that the centrioles moved around a central point and the position of the cells did not change, Figure 1 ) [33] . Interestingly, in the cells overexpressing a ciliary trafficking mutant of PC-2 that abolished flow-induced calcium currents, centriole movements were randomized. These data suggest that cilia translate the direction of flow into spatial information and to the centrioles in a calcium-dependent manner. Since polarized centriole movements have not been recorded in renal tubules in vivo, the biological significance of this finding is speculative. Nevertheless, they are proof of the principle that in addition to polarization of the centriolar apparatus of motile 9+2 cilia by self-generated flow [70] , polarization can also occur in passively bent primary, 9+0 cilia in renal epithelia cells. In summary, several lines of evidence exist that cilia and PKD proteins are linked to the polarity of tubular epithelial cells and indirect evidence supports the concept that the ciliary flow sensor and downstream calcium signalling are involved in this process.
PC-1 cleavage and Stat6 signalling
PC-1 is a large orphan receptor with 11 membrane spanning domains [76] . A C-terminal portion of 200 amino acids is cleaved and translocates to the nucleus [77] . Immunoreactivity of this fragment in the nuclei is greatly enhanced in kidneys after ureteral obstruction and kidneys lacking cilia as well as in cysts where flow does not occur, suggesting that the cleavage process is regulated by flow sensing. Indeed, indirect evidence supports this model [78] . The C-terminal fragment of PC-1 interacts with the transcription factor Stat6 and its co-activator p100 to enhance Stat6-dependent transcription. Interestingly, Stat6 is found in cilia of MDCK cells when they are cultured under constant flow, but in the absence of flow, Stat6 is localized in the nucleus, but not cilia, while p100 is localized at the ciliary base under both conditions. A model derived from these observations suggests that under flow, PC-1 binds to Stat6 and p100 in the cilium [78] . Disruption of flow results in cleavage of the C-terminal PC-1 fragment and translocation of the complex to the nucleus. The C-terminal cleavage of PC-1 seems to be regulated by PC-2, however, in a calcium-independent mode [79] , and direct evidence of PC-1 C-terminal cleavage under flow is lacking. Nevertheless, a recent study observed a decrease in cyst formation in PKD animals with genetic inactivation of Stat6 or treatment with a F I G U R E 1 : Flow transmits polarized information to the centriolar apparatus. (a) In the epidermis of Xenopus embryos, motile 9+2 cilia generate unidirectional flow ( pink arrow) which is necessary for the polarization of the basal bodies (mother centriole-blue) from which the cilia originate [69] . Polarization is visualized by asymmetric localization of the basal foot, a basal body appendage ( purple triangle). (b) In renal epithelial cells, passive bending of monocilia through flow ( pink arrow) results in calcium transients and preferential centriole movements along the flow axis [33] . (c) In the absence of flow, or in cells expressing a polycystin-2 mutant preventing flow-induced calcium increases, no orientation bias of centriole movements is observed.
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N e p h r o l D i a l T r a n s p l a n t ( 2 0 1 3 ) : E d i t o r i a l R e v i e w Stat6 inhibitor, supporting the biological relevance of these findings [80] . mTOR signalling A lot of attention over the past few years has been focused on the connection between PKD and dysregulated mTOR (mechanistic target of rapamycin) signalling [81] . The interest was set off by the fact that the Tsc proteins which are mutated in tuberous sclerosis, a disease associated with polycystic kidneys, function as negative regulators of mTOR signalling [82] and by the discovery that rapamycin, an immunosuppressive drug that very effectively inhibits the mTOR pathway, prevents cyst growth in rodent models of PKD [83] . mTOR is part of two multi-protein complexes mTORC1 and 2. The rapamycin-sensitive complex mTORC1 regulates protein biosynthesis and cell size and is thus important for cell proliferation [84, 85] . mTORC1 activity is elevated in a substantial proportion of renal cysts and indeed PC-1 has been found to interact with tuberin, encoded by Tsc2, and was shown to inhibit mTORC1 activity [86, 87] .
Is there a connection between mTOR activity and ciliary flow sensing? Boehlke et al. found that MDCK cells grown under continuous flow were smaller compared with cells grown in the absence of flow [30] . In a series of loss-of-function experiments and biochemical analyses, they found that the cell size under flow is regulated by mTORC1 and requires the presence of cilia (Figure 2 ). The mechanism for this was interesting: mTOR regulation was independent of flowinduced calcium transients or Akt, an important activator of mTORC1 activity through growth factors [85] . Instead, it was associated with activation of Lkb1, a negative mTORC1 regulator mutated in the Peutz-Jeghers syndrome [88] , specifically at the basal body. An important question arising from these findings is what could be the biological significance of mTOR regulation by flow? Indeed, a physiological function can be deduced from several studies analysing the ciliary length. Several groups have shown that loss of TSC function increases the ciliary length in zebrafish, MEFs and mouse kidneys implicating mTOR in some cases [89] [90] [91] . The effect of mTOR signalling on the cilia length was analysed in detail in a recent study on zebrafish and Chlamydomonas [92] . Loss of Tsc1 function or overexpression of the mTORC1 downstream effector S6Kinase resulted in longer cilia in the Kupffer's vesicle. On the other hand, treatment of zebrafish or deflagellated recovering Chlamydomonas with the mTOR inhibitor rapamycin decreased the cilia length. The alterations in the ciliary length were physiologically relevant, resulting in altered beat frequency and loss of left-right asymmetry in zebrafish embryos. In Chlamydomonas, a bell curve relationship was discovered between the cilia length and flagellar motility, suggesting that an optimal ciliary length exists in vivo [92] . In a mathematical model, ciliary bending results in maximal membrane stress at the base of the cilium, the site where Lkb1 seems to be active and where Tsc1 is located [30, 91, 93] . Furthermore, the ciliary length is predicted to determine the amount of torque at the basal body transition zone and, therefore, affects the sensing of shear forces [13] . Taken together, these findings could suggest a physiological feedback mechanism, where a decrease in shear forces, e.g. through reduced flow, would increase mTORC1 activity leading to lengthened cilia which, in turn, would amplify the flow signal (Figure 3 ). Additional observations support this concept: a study from Besschetnova et al. showed that flow negatively affects the ciliary length in wild-type cells albeit not in Pkd1 mutant and constitutively PC-2 depleted cells [94] . Another study analysed biopsies of transplanted kidneys, which suffered acute tubular necrosis during transplantation and observed almost a doubling of ciliary length, which normalized after recovery of allograft function [95] . Similarly, a study analysing the length of cilia in Tsc1± or Tsc2± mice found no ciliary elongation in precystic tubules, where cilia are still subjected to flow. However, cilia were markedly longer (>200%) in the epithelia of fullblown cysts [61] , where connection to the tubules is lost and no flow occurs. Taken together, flow-dependent mTOR F I G U R E 2 : Lkb1 localizes to cilia. Bending of the cilium by flow causes increased phosphorylation of the Lkb1 target AMPK at the basal body [30] . Activated AMPK inhibits mTORC1 and decreases the cell size. In addition, mTORC1 activity regulates the cilia length [92] . regulation may serve to fine-tune the cilia length in an environment of alternating flow speeds and levels of shear stress.
In hypothetical terms, flow-dependent mTOR regulation might be an initial step in cyst formation: pathologically reduced or absent flow sensing by cilia increases the cell size and therefore, would reduce the cross-section of the tubular lumen ( Figure 4 ). The narrowing of luminal diameter would be expected to increase tubular wall stress. Conversely, maintenance of a preset level of shear stress in the setting of increased cell size would require an enlargement of the diameter of the tubular basement membrane to keep the luminal diameter steady. This could theoretically be an initial step to dilatation of the tubule. However, this model requires a second shear stress sensor other than the a priori sensing-deficient cilium. In larger cysts, where flow has ceased, the lack of flow sensing might explain mTORC1 activity in cyst lining cells.
Concluding remarks
It has been exciting times since cilia were implicated in the pathogenesis of PKD. The early and simple model that cilia translate fluid flow into calcium signals through PC-1 and -2, and that loss of either protein function converts signallingdeficient epithelial cells into a proliferating and de-differentiated phenotype that grow into cysts is clearly inadequate to match the complexities of ciliary signalling. Nevertheless, there is clear evidence from cell culture and in vivo models that flow is translated by cilia into cellular events which are associated with cyst formation, namely cell polarization, Stat6-and mTOR signalling. Renal cilia in the mammalian kidney are difficult to access. Therefore, cellular in vitro systems and model organisms such as zebrafish and Xenopus that can be easily manipulated and lend themselves to 4D imaging, will continue to be instrumental for the study of the ciliary flow sensor. Hypotheses derived from these systems need to be tested in rodent models of PKD to advance our understanding of the pathophysiology of PKD and to identify new therapeutic targets.
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R E F E R E N C E S
F I G U R E 4 : Hypothetical model showing how the cell size may affect shear stress and tubular diameter. Increased mTORC1 activity leads to bigger cell size. In the case of a fixed tubular basement membrane diameter, luminal shear stress will increase. Maintaining a normal level of shear stress requires an increase of tubular basement membrane diameter. Since the deficient ciliary flow sensor is responsible for increased mTORC1 activity and cell size dysregulation, this model requires an alternate mode of shear stress sensing.
